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SUMMARY
A theoreticalinvestigationof jet-transportclimbtechniqueswas
madeto determinetheeffectofvariationsinenginethrustandah%peed
on sound-pressurelevelsheardby a groundobserver.
Reducingeitherthrustor cliuibairspeedresultsinreducedsoti-
pressurelevels.Reducingthrustdecreasesthesoundpowerradiated;
decreasingclimib-speed permitstheinitiationof cliuibsoonerand
henceresultsin increasingthesourceto observerdistance.Ingen-
* eral,minimumsound-pressurelevelsareobtainedby usinga combination
ofbothmiuimumthrustandminimumclimbspeedconsistentwithsafetyd considerations.
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INTRODUCTION
Publicacceptanceofthejettransportduringscheduledairlineop-
erationsisexpectedto dependtoa greatextentupontheaircraftnoise
levels.Consequently,muchthoughtandeffotih be- ~rectedt~d
reducingthejet-noisenuisance,Partic*ly h r%iom s~o~~w
airports.b additionto currentresearchon enginenoisereduction,the
controlof theflight rafficpatternearairportsisbeingconsidered
asa methodofreducingthenoise.
Turbojet-engineoisemeasurements(refs.1 to 3)haveshownthat
enginenoiseisproportionaltoapproxktelytheeighthpowerofthejet
exitvelocity;therefore,themostcriticalportionofthetrafficl&*-
tern,tothenoise-consciousp blic,willOCCIWat h@h thrust dur~~
theinitialc33mib.
Followingtake-off,thepilothassomelatitudeintheselectionof
flightspeedandenginethrust,andithasbeensuggestedthatnoise
nuisancecouldbereducedby theproperselectionoftheseparameters.
At climbairspeeds,thejetaircrsfthasa great-msrginof
a thrust-minus-dragthsnan equivalentsizepiston-engineaircraft.It
seemspractical,therefore,tothrottletheengine,withinMmitsof
stiety, if suchactionwillreducethejetnoiseduringclimb.Noise
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attenuationdue..tatheinverse-squaredistancerektionwouldpermit ~-
resumptionofnormalclimbthrustwhentheaircraftreachesanaltitude
of3000to5000”3eet.BecausetheJettransportwillcruiseatalti-
tudesabove30,000feetandthenormalrateof clitiat cruisealtitude
isaboutone-fourththesea-levelrate,a moderatereductionofthe
climbrateat thelowaltitudeswillnotappreciablyaffecttheover-all
flightplan. .—
Thisreportpresentstheeffectsofvariationsinflightspeedand
enginethrustuponthesound-pressurelevelsas sensedby a groundobserv- In=
erduringtheinitialclimbphaseof jet-transportoperation. EIn
Theengineconsideredhere
Y
isa two-spoolturbojetof current
designoperati~withoutwater-acoholinjectionor afterburning.It
is likelythatthistypeof enginewillW, employedinthefirstgen-
erationof jettransports. —
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wingarea,ll[wingloading,sqft ,-.
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dragcoefficient,D/c@
liftcoefficient,W/c@
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~ag) CDq@) lb
increaseinkineticenergyfromtake-offto200-ftaltitude,
(V;oo- V$)/2g,ft-lb/lb
Jetthrust,lb
netthrust,lb
gravitationalacceleration,32.2ft/sec2
flightMachnumber
ambientstaticpressure,lb/sqft ‘.
dynamicpressure,0.7po$, lb/sqft
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jetvelocity,Fjgfw,ft~sec
flightspeed,ft/sec
take-offairspeed,Ft/sec
airspeedat200-ftaltitude,ft/sec
airplaneweight
enginemassflow,
Thedecibelas
10-13
watts.
mm
used
3
lb/see
hereinisref~encedto0.0002dynes/sqcmor
ANDAIRHAMEPERFORMAWECHARACTER18TU3S
lhordertomakethisanalysis,a typicalairplane-enginecombination
waschosen,andthesound-pressurelevelsthatresultfromvariationsin
climbtechniquewerecalculated.
were
Airplaneconfiguration.
made:
-IThefollowingairplanedesignassumptions
(1)Four-engineswept-wingjettransportwithhighstisonicruise
speed
(2)Grossweight,160,000pounds
(3)Grossweightdividedby take-offthrust,4.0
(4)Wingloading,65poundspersquarefoot
Enginepsrameters.- Inorderto computeclimbratesandJetveloci-
ties,theengineperformancemustbe tiownasa functionoffMght speed
andpercenthrust.It isassumedthattheengineisequippedwitha
constant-areaxhaustnozzle.At ratedconditions,thesea-levelvaria-
tionofnet(~ropulsive)thrustratiowithflightspeedis showninfig-
ure1. HetthrustInitiallydecreasesas flightspeedincreasesand
reachesa minimumof88yercenthrustata flightspeedof260knots;
thereafter,thrustincreaseswithflightspeedsothatnetthrustat 500
knotsis 93percentofthestaticvalue.Thiscurvewasobtainedfrom*
enginepumpingcharacteristicsandistypicalofmostcurrenturbojet
engines;however,at flightspeedsabove500knots,thenetthrustcurves
l’ willvaryamongdifferentengines.
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Enginemass-flowratioisalsoshowninfigure1. Mass-flowratio
isdefinedas theratioofmassflowata givenflightspeedtothemass
flowat zeroflightspeed.Thesedatawerecalculatedfroma plotof
sea-levelcorrect6dmassflowasa functionof correctedenginespeed.
Enginemassflowincreasesasairspeed,or inlettotalpressure,in-
creases,reachinga valueat 500knotsthatis19percentgreaterthan
thestaticvalue.
Take-offandclinibtechnique.- Allcalculationsweremadeasswning
sea-leveltake-offunderstandardatmosphericconditions.Theairplane
wasassumedtobe airborneat 120knotsaf”terabouta 4000-footground
run. Theairplanethenclimbedto200-feetaltitudeandacceleratedto
150knotstrueairspeed.Ineachcase,maximumdrythrustwasutilized
duringthetake-offrollandmaintainedthroughoutthetransitionclimb
to 200-feetaltitude.Inordertoreducetheairplanedragvariablesh
thisanalysis,thelandingearandwingflapswereassumalfullyre-
tractedwhentheairplanereached200-feetaltitudeand150knots.After
thispointintheflightpathnineclititec~iqueswereassumedfor
thesecalculations:climbspeedsof 150,~50,and350knotsateach
ofthreethrustconditions,60,80,and100percentofmaximwndry
thrust.Accelerationtothehigherclimbspeeds(greaterthan150
knots)wasaccomplishedduringlevel-flightmaximum-thrustconditions;-
atanaltitudeof200feet.An averageheadwindof H tiotswas
assumeduringthisanalysis.
Rateof cIM andflightpath.- Therateof climbandflightpath
werecomputedforeachoftheclimbtechniques.Allrate-of-climbcal-
culationswereba=”edonstandardatmosphericconditionsat an average
climbaltitudeof2000feet.At eachclimbcondition,itwaspossible..
to calculaterate-of-climbfromthefollowingformula:
(Vo)(Fn-~]
Rateofclimb=
w J ft/sec
wherenetthrustwasobtainedby adJustingi~andard”sea-levelstatic
thrustoa staticthrustat2000-feetaltiitie,andthenapplyinga Mach
numberorflight-speedcorrectionbtainedfromfigure1. Airplanedrag
coefficientwasobtainedfromthefollowingparaboliclift-dragrelation:
C;+O.18CD= ~. - -
Thisrelationwaschosenasbeingrealistic“fora swept-wiruziiettran8POrt
operatingat speedsbelowthetransonicdrag-risespeed.A plotofrate
of climbwithflightspeed(fig.2) showsttitthemaximumrateofclimb
at 2000-feetaltitudeoccursat a trueairspeedof430knots.Whenfuel
consumptionistheonlyconsideration,highfuelconsumptionat low81ti-
tudedictatesthatjetaircraftclimbat theairspeedwhichresultsin
maximumclimbrate.
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$ Figure2 alsoshowsthevariationofrateof cltibwithenginethrust
at clifferentflightspeeds.At 150-knotsclimbspeed,an enginethrust
reductionfrommaximumto 60-percentthrustcauseda decreaseinclimb
from2430to 1120feetperminute.Thespecificfuelconsumptioncanbe
assumedconstanthroughoutthisrangeof enginethrusts.A 40-percent
r~uctioninthrustwhencoupledwiththecorresponding54-percentreduc-
tioninclimbrateindicatesthattherewillbe a slightincreaseinfuel
consumedforequalaltitudecoverage.Similaranalysesat 250and350
knotsgivethesamesortofresultsintermsoffuelrequired.
Inordertoplotflightpaths,thehorizontaldisthncesrequired
duringthetransitiond3mb to200-feetaltitudeandlevelflightaccel-
erationto thehigherclimbspeedsmustbe computed.Thefollowing
distanceformulawasused(ref.4).
[ = (200++)Distance= ~
n
* Thethrustanddragtermsarecomputedatmeanflightspeed.Thekinetic
energyterm AE isbasedonflightspeedscorrectedforwindvelocity.
As showninfigure3,a flightspeedof 150knotsisattainedat a dis-
“-
of # milesfrombrakerelease,but~ milesisrequiredforairplane
accelerationto 350knots.Differentclimbtechniquesresultinaircraft
altitudesfrom700to 5600feetata distanceof 7
release.
NOISE-LEVELCALCULATIONS
milesfrombrake
Sound-pressurelevels.- Inorderto estimatethesoured-pressure
levelsfroma jettransport,thesoundfieldofa single10,OOO-pound-
thrust engineisfirstconsidered.Thesingle-enginesound-fieldwasob-
tainedfroman enginemountedinan open-atrthruststandat theLewis
laboratory.Sincetheairplaneutilizesfourengines,itwasassumed
thatthesoundpowerwasquadrupled.!lhesound-pressurelevelsforthe
four-engineairplanewillbe 6 decibelsgreaterthanthevaluesmeasured
aroundthethruststand.Althoughtheenginesweremounted infour
separatepods,a pointsourceisassumedfordistancecalculations.The
estimatedsoundfield200feetfroma four-enginej ttransportisshown
h figure4. Theactualsoundmeasurementsweretakeninthehorizontal
planeandaxialsymmetryisassumed.A maxinmmsound-pressurelevelof
133decibelsoccursbetween30°and40°fromthejetdirection,andis
13decibleshigherthananysound-pressurelevelintheforwardquadrants.
.
Engine-soundspectrumlevelatthe45°azimuthisplottedinfig-
d ure5. Herein,spectrumlevelisthesoundpressureina one-thirdoctavebandcorrectedtoa unitfrequency.Thisspectrumofthemaximumsound
pressureindicatesthatjetnoiseispredominantlyow-frequencynoise.
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Completedescriptionsandformulasfortheacoustictermsusedhere-
inaregiveninreference5. ,
Attenuationduetodistance.
- Soundlevelsas sensedby a groumd
observerwilldependonaircraftaltitude~-airspeed,andthrust.sound-
pressuremeasurementsobtaineduringseveraloverheadaircraftpasses
haveshown”thatsoundattenuationbeystheinverse-squaredistancere-
lation;thatis,soundpressurelevelisreduced6 decibelswhenev~al-
titudeisdoubled.Theinv~se-squarelationisplottedinfigure6.
Thereferencealtitudeof200feetcorrespondstotheobserverdistance
duringsound-fieldmeasurementsinfigure4. Turbojetsounddtiection-
alityissuchthatthemaximumsound-pressurelevelheardby an observer
willbe transmittedaftertheaircrafthaspassedoverheadandtheob-
serverIs40°fromthejetaxis. Becauseofthisangularelation,4
decibelsmustbe addedtothealtitudeattenuation.
Attenuationdueto,airspeed.- Recentsoundmeasurementsmadeduring
low-altitude-aircraftp ssesattheLewislaboratoryshowedthatsound-
pressurelevelswereproportionaltotheeighthpoweroftherelativejet
velocity(VJ- Vo)asgivenby thefollowingequation:
()V.J- V. 8Mb = 10log Vj,V=O
Therelativevelocitywascomputedas thequotientofnetthrustand
enginemassflow. Thrustandmassflowweredeterminedby a procedure
previouslydescribedinthe“Engineparameters”ection.Therelation
betweenjet-noiseattenuationa dflightspeedisshowninfigure7.
Increasingflightspeedfromzeroto250knotsresultsina sound-
pressurereductionof6 decibels,whichisequivalenttotheattenuation
obtainedwhenaltitudeisdoubled.
Attenuationduetothrustreduction.- Soundattenuationdueto
thrustreductionwascalculatedassumingtheeighth-powerrelationbe-
tweensoundpowerandrelativejetvelocity.Figure8 showsthisattenua-
tionintermsoftotalsoundpowerasobtainedfromvelocitycalculations
andalsoasmeasuredfroman engineinan open-airthruststand.The
theoreticalcurve,whichwascalculatedfromjetvelocity,fallsabout
1/2decibelbelo-wthemeasuredvalues.One-halfdecibelisofthesame
orderofmagnitudeasaccuracyofmeasurement.Totalsoundpowerwas
obtainedby integratingthesoundpressuresaroundtheengineby a method
describedinreference5. Sincethesoundpressureat 40°wasthemaximum
emittedby theengine,ithada largeinfluenceontotalsoundpower.For
thisreason,reductionsintotalsoundpoweratpartialthrustwereiden-
tical(decibelwise]to sound-pressurelevelreductionsatthecritical40°
angle.B’it isassumedthatsounddirectiondoesnotchangesignifi-
cantlyforthefliahtsmeedsunderconsideration.thetheoreticalcurve
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‘J infigure8 canbe usedto determinetheamountof sound-pressurereduc-
tiondueto throttledengineoperation.A 28-p~centreductioninthrust
resultsina 6-decibelreductioninsoundpressureor isequivalentto
doublingtheaircraftaltitude.
Thevariationof soundpressurewithflightspeedandthrustisshown
infigure9. At increasedairspeeds,throttledengineoperationcauses
greatersoundattenuation.At staticonditions,thereis a ~-decibel
w
m reductionwhentheengineisthrottledto60percenthrust,butata
m 350knots,a U-decibelreductionshouldbe realized.
Resultingsound-pressurelevels.- Maxhumsound-pressurelevels
werecalculatedatvariousgroundobserverlocations.Theattenuations
duetoaltitude,airspeed,andpartialthrustweresubtractedfrcmthe
referencelevelof 133decibels,andtheresultinglevelsareshownin
figure10. b orderto eliminatetheneedforesthatingthenear-field
noiselevelsundertheaticraftduringtransitionclimbimmediatelyfol-
lowingtake-off,soundlevels200feet(normalto flightpath)fromthe*
airplaneareshown.Atmostairportsthistransitionclimbcanbe made
withinthefieldboundary.
.
Itisreadilyapparenthatthelowestflightspeedresultsinmuch
lowernoiselevelsduringa considerableWrtionoftheinitialclimb.
Figure3 showsthatat a giventhrustthelowerairspeedsareassociated
withthehigherflightpaths.At constataltitude,Jetnoiseisattenu-
atedby higherflightspeeds;however,duringclimb,thecombination
of lowflightspeedandhigheraltitudesresultsinmuchgreaterattenu-
ation.If clinibspeedisreducedfrom250to MO lmots,thereisat
leasta 17-decibelreductioningroundsound-pressurelevelat a dis-
tanceof3 milesfrombrakerelease.
Whentheenginesareinitiallythrottled,conslderablereductionin
soundleveloccursas indicatedby thesteeperstraightportionsofthe
curves.Thetimerequiredtothrottleto 60percenthrustwasassumed
as 3 seconds.Theinitialbenefitfromreducedthrustis latersomewhat
offsetbecausethelowerflightpathsresultinlessaltitudeattenuation.
At 150knotstheacousticbenefitsgatnedfroma 20-percentthrustreduc-
tionareprobablyinsignificant,but4- or5-decibelsattenuationare
realizedat 40-percentthrustreduction.Thisisnota largeimprove-
ment,anditsmerits wouldhavetobe weighedagainsthepotential
hazardofflyingat slowspeedat lowaltitudeabovepopulatedareas.
A largerthrustreductionwouldresultin Iowewsoundlevels,butthe
climbrate at 60-percentthrustisprobablytheminimumacceptable.A
A climbairspeedof 150knotsisprobablytheminimumacceptablefromthree-
engineconsiderations.
d Fortheairplane-engineconibinationassumed,reducedairspeedshould
be maintaineduntilonly4 or 5 milesfrombrakerelease,atwhichpoint
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thegroundnoiselevelwouldbe about100decibels.ThemaximuMsou~-
pressurelevelheardby a“groundobserveris 100decibelswhena 10,000
horsepowerpiston-enginetransportpassesoverheadatanaltitudeof
about 1200 feet.
Figure10doesnotshowdurationofthenoise.Althoughduration
ofa“givensoundlevelwill.be greateratthelowerflightspeeds,maxi-
mumsound-~essurelevelisbelievedtobe themorecriticalparameter
throughouttherangeofairspeedsconsidered.
ms ummary,theoptimumclimbtechniquefromthe
groundnoiselevel.Swouldconsistofthelcirestclimb
lowest hrustcompatiblewithsafety.
CONCLUSIONS
standpointof lowest
airspeedandt,he
An analysisof jet-transportclimbtechniquesbasedontheassumed
airplane-engineconfigurationleadstothefollowingconclusions:
1.Reducingeitherthrustor climbairspeedresultsinreduced
sound-pressurelevels.Reducingthrustdecreasesthesoundpowerradi.
ated;decreasingclimbairspeedpermitstheinitiationf climbsooner
andhenceresultsinincreasingthesourcetoobserverdistance.In
general,minimumsound~pressurelevelsareobtainedby usinga combina-
tionofbothminimumthrustandminimumclimb
safetyconsiderations.
2.An increaseinflight
sound-pressurereductionof 6
theaircraft altitude.
3.At 150knotsairspeed
speedfromzero
decibels,which
speedconsistentwith
to250knotscausesa
isequivalentto doubling
andconstantaltitude,a 40-percentreduc-
tioninthrustresultsina 10-decibelnoisereduction.
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